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INTRODUCTION 
The idea of using guided elastic waves for the purpose of assessing 
the fitness for service of aerospace composite structural materia1s is 
not new. "Pure" longitudinal or shear waves cannot exist in 1ayers 
whose thickness dimension is of the order of an u1trasonic wave1ength. 
In the 1ast decade, considerab1e attention has been focused on the 
more fundamental aspects of Lamb-wave propagation in fiber-reinforced 
composites such as those used as face sheets on Nomex and metal 
honeycomb cores. This work has led to an in-depth understanding of the 
under1ying physica1 phenomena and their re1ationships to material 
parameters [1,2]. 
Concurrent1y with thedeve10pment of theories of guided wave 
propagat ion in a variety of structural 1aminate materia1s, "improved" 
u1trasonic nondestructive testing (NDT) procedures and instrumentation 
have a1so been deve10ped. Most of the advances appear to invo1ve the 
use of ever more sophisticated data~acquisition schemes. However, new 
NDT procedures based on nove1 transduction techniques have a1so gained 
1imited acceptance. The most notab1e deve10pments in this area include 
improved air-coup1ing, e1ectro-op~ica1, acousto-optica1, dry-coup1ing, 
and even e1ectromagnetic-acoustic transduction (EMAT) schemes. 
Very few of the 50 ca11ed "new" NDT schemes appear to be based on a 
genuine1y recent idea. For examp1e, near1y twenty years ago, in 1971, 
Luukka1a et al. suzgested that ob1ique1y-incident, air-borne u1trasonic 
waves may be usefu1 for generating guided (Lamb) u1trasonic waves in 
thin organic 1ayers[3]. They a1so proposed using this technique to 
inspect paper, but warned of potential instrumentation difficu1ties. In 
recent years, considerab1e improvements in semiconductor and 
piezoelectric transducer material techno10gies have made it feasib1e to 
design and fabricate commercia11y-acceptab1e u1trasonic NDT instruments 
that uti1ize air as the coup1ing f1uid[4,S]. However, because of the 
inherent inefficiency of the air-coup1ing mechanism, the use of such 
instruments has been restricted to the "thin" composite structures that 
do not uti1ize the honeycomb-core construction. 
1643 
The steady pace of advances in aerospace techno10gy has resu1ted in 
ever-increasing uti1ization of honeycomb-core structural materia1s that 
uti1ize fibrous-laminate face sheets and inorganic cores. Such 
structures of ten appear to be very difficu1t to inspect in the 
through-transmission mode, because the propagation of u1trasound is 
severe1y impeded by the geometrica1 comp1exity of the sandwich. 
Structures uti1izing very thick (O.lS-meter and thicker), 
mu1ti-segmented cores are particu1ar1y difficu1t to inspect. 
In many cases, components can on1y be adequate1y inspected by using 
the fu11 spectrum of avai1ab1e techno10gies (system approach) inc1uding 
the 1atest advances in instrumentation and by taking advantage of the 
preferred u1trasonic modes. In addition, a110wances must a1so be made 
for modifying the "conventional" NDT procedures. In this year, we 
provide two examp1es that i11ustrate the practica1 benefits of uti1izing 
modified u1trasonic NDT procedures in conjunction with improved 
u1trasonic "front-end" instrumentation. 
THE TECHNICAL APPROACH 
Conventional inspection of honeycomb structures of ten use a 
"water-squirter", through-transmission technique, where by the 
u1trasonic transducers are a1igned coaxia11y and normal to the face 
sheets. This method is fundamenta11y 1imited in terms of achieving the 
highest signa1 to noise performance. 
The f1uid-coup1ed transducers first excite u1trasonic shear and 
longitudinal waves in the top face sheet. The polar distributions of 
the transmission coefficients for the two types of waves are we11 
understood in nomina11y-isotropic p1ates[6,7]. Very recent1y, 
significant progress has been made in the understanding of the ro1es of 
fiber-induced anisotropy[8,9]. The ro le of the fluid 10ading is a1so 
being studied[10]. 
The u1trasonic signa1s emergent from the wa11s of the 
honeycomb-core aga in generate shear and longitudinal waves in the bottom 
face sheet. In turn, these waves generate compressiona1 waves in the 
surrounding coup1ing fluid, water or air. By symmetry, the signa1s 
generated in the coup1ing f1uids, are ob1ique1y inc1ined and, therefore, 
cannot be efficient1y sensed by the norma11y-aimed receiver transducer. 
Consequent1y, a very significant 10ss of sensitivity to "non-bonds" is 
incurred. 
Our technique is fundamenta11y different from the "conventional" 
techniques in that the u1trasonic beam axes of either one of both 
transducers are ob1ique1y inc1ined with respect to the surface normal of 
the test pane1. As a consequence of this arrangement, efficient 
coup1ing can be achieved to the shear waves propagat ing in the face 
sheet. However, as in the "conventional" set-ups, both u1trasonic beam 
axes are co-p1anar and para11e1 to the medium p1ane of the test pane1. 
This configurationa1 difference is c1ear1y depicted in Fig. 1. 
Empirica11y, we have observed an approximate1y two-to-one improvement 
per interface in transmitted amp1itude by coup1ing to the shear waves as 
opposed to coup1ing to the longitudinal waves in the face sheets. In 
terms of the overa11 system signa1-to-noise performance, this is 
equiva1ent to 10-12dB gain. 
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Fig. 1. Experimental configurat ion used for through-transmission 
ultrasonic inspection of very thick aerospace honeycomb 
structures. 
Oepending on the type of fluid couplant, i.e., water vs. air, and 
composition of the face sheets, the angle of incidence for maximum 
transmission varies from 8 to 15 degrees. Inspection frequencies range 
from 0.4 MHz to 2.25 MHz. To achieve an additional improvement in 
signal-to-noise performance, we operate in a "tone-burst" mode. We have 
found empirically that approximately 10 cycles of RF are required to 
maximize the transmitted signal amplitude. However, we expect that this 
number can be reduced by at least a factor of two in the fu ture through 
better matching of the electrical characteristics of the "tone-burst" 
transmitter amplifiers to those of the ultrasonic transducers. 
PRACTICAL THROUGH-TRANSMISSION INSPECTION TECHNIQUES 
Although "water-squirt" techniques are preferred at the present 
time, we also would like to comment on the applicability of inspection 
configurations that utilize other procedures for introduc ing the sound 
waves into the honeycomb structure. In the future, as a result of 
further improvements in instrumentation, it may be possible to extend 
the range of applicability of such techniques to the thicker composites. 
"WATER-SQUIRT" ANO IMMERSION TECHNIQUES 
Honeycomb structures, utilizing graphite-resin and/or Kevlar face 
sheets and having either metallic or organic cores with an overall 
thickness 1/2-inch, or greater, are generally inspected at the normal 
test frequency of 1 MHz, or lower. It is standard practice to employ 
"water-squirt" techniques with water-column diameters in the 
1/8-l/4-inch range. Total immersion is less preferable, because the use 
of low-frequency collimating devices results in the 10ss of desired 
ultrasonic beam characteristics and generat ion of undesirable artifacts 
in the C-scan images . 
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Immersion testing is preferred to "water-squirt" testing for 
pulse-echo work. In this case, the material is inspected in the 
reflection mode using a focused transducer. 
AII-metal honeycomb structures usually present no difficulties, 
because they exhibit relatively insignificant propagat ion loss. 
Consequently, such structures can generally be inspected using 
"conventional" inspection set-ups in which the ultrasonic beam axes are 
normally aligned with respect to the surface of the face sheets. 
AII-organic or organic/metal honeycomb sandwich structures tend to 
exhibit significantly higher propagation losses than alI-metal 
structures. As a result, they present a much more challenging 
inspection problem, particularly when the section thickness exceeds 1 
inch, or so. Structures employing a septum are particularly difficult 
to inspect. In such cases, the use of our techniques, based on the use 
of inclined ultrasonic beams and improved electronic "front-end", 
becomes very appropriate. 
We have employed our technique to inspect alI-organic honeycomb 
structures with overall thicknesses of 7 inches. However, we expect 
that even thicker structures will become inspectable using better 
instr~entation, which is currently under development. We also expect 
that the improved dynamic performance of our instrumentation will 
facilitate inspection of certain honeycomb structures that employ a 
septum. 
Figure 2 depicts an experimental configuration used to inspect 7.5 
inch thick inorganic honeycomb test panel. The corresponding 400 kHz 
gray-scale C-scan is shown in Fig. 3. The high definition is made 
evident by the presence of the distinct honeycomb pattern in the image. 
The larger features represent intentionally-introduced "non-bonds" 
between the face sheet and the honeycomb-core. 
Fig. 2. Photo of experimental set-up used for inspection a 7-inch 
thick, honeycomb test panel. Note the angular alignment of the 
"water-squirt" transducers with respect to the face sheets. 
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Fig. 3. C-scan obtained using the experimental set-up of Fig. 2. 
Figure 4 shows a different inspection configuration that was used 
to inspect a different honeycomb test specimen with a prominent taper. 
The corresponding 400 kHz gray-scale C-scan is shown in Fig. 5. It 
should be noted that most of the indications represent test tapes that 
were attached to the top of the panel. In this case, all of the 
intentionally-introduced "non-bonds" were also detected. 
Fig. 4. Photo of experimental set-up used for through-transmission 
ultrasonic inspection of a very thickhoneycomb test section. 
Note the CRT signal in the inset. 
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Fig. 5. C-scan obtained using the experimental set-up of Fig. 4. 
DRY-COUPLED TECHNIQUES 
Certain soft, pliable plastics can be used to "dry-couple" 
ultrasonic vibrations to metal and organic structures. Typically, such 
materials are employed in the construction of the so-called "soft-tip" 
and "roller" probes. Both types of probes are recommended mainly for 
manual inspection applications. 
AIR-COUPLED TECHNIQUES 
In many cases, it is desired to prevent wetting or contaminat ing 
materials, such as carbon-carbon composites, foams, porous structures, 
certain laminates, etc. The use of efficient unipolar and bipolar 
tone-burst generation combined with large signal-to-noise 
preamplification and tuning now makes it possible to conduct valid 
through-transmission tests on such materials. So far, ultrasonic 
air-coupled, focused transducers are used at test frequencies between 
400 kHz and 1 MHz. It is expected that in the near future the better 
"air-matched" transducers[ll). The air-coupled technique also benefits 
from angulation of the incident sound beams. 
ELECTRONIC INSTRUMENTATION CHALLENGES 
In addition to propagat ion losses, the signal-to-noise performance 
of a through-transmission inspection system is markedly affected by the 
physical characteristics of components that constitute the "front end" 
of the system: transducers, transmitter circuit, receiver amplifier 
chain, and cabling. Very of ten, the electrical characteristics of such 
components are not judiciously balanced, resulting in decidedly 
sub-optimum system performances. Typically, a 30-dB signal-to-noise 
performance is required in order to produce a good-quality C-scan. 
In principle, digital signal averaging techniques can be used to 
improve the signal-to-noise performance. However, the use of this 
technique results in a considerable slowing-down of the inspection 
process, very adversely affecting the economics of NDT. Therefore, we 
are not advocates of this approach. 
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Perhaps the greatest gain, in terms of significant1y improved 
signa1-to-noise performance, can be achieved by reduc ing the Noise 
Factor of the receiver amp1ifier chain. The "front ends" of commercia1 
u1trasonic NDT instruments are equipped with very robust se1f-protection 
circuits. A1so, front-end fi1tering is inc1uded to de-emphasize 
response be10w 1 MHz, or so. Unfortunate1y, such measures tend to 
resu1t in extreme1y high Noise Factors. At this time, we be1ieve that a 
typica1 commercia1 transducerjreceiver amp1ifier chain exhibits a 30 dB 
Noise Factor and higher. 
Certain manufacturers of u1trasonic instrumentation recommend that 
a pre-amp1ifier, mounted in very c10se proximity to the piezoelectric 
element, be used in through-transmission NDT app1ications. We have 
found that fo110wing this recommendation can be vet'y he1pfu1 in terms of 
reduc ing the Noise Factor, but that further significant improvements are 
possib1e. To demonstrate this point, we emp10yed a very low-noise 
pre-amp1ifier of our own design. 
The relevant e1ectrica1 characteristics of our pre-amp1ifier design 
are: approximate1y 0.6 nanovo1tjroot-Hz equiva1ent input noise, 50 dB 
vo1tage gain, and 100 kHz-10 MHz bandwidth. We found that the use of 
this design has resu1ted in a further 10-20 dB improvement in 
signa1-to-noise in the 0.4-1.0 MHz frequency region, which is of 
particular interest in the NDT of "thick" composites. 
To achieve an additiona1 increase in system signa1-to-noise we 
drive our transducers with a 4s0-vo1t, "tone-burst" pu1ser of our own 
design. By operat ing in this mode, we take advantage of low-1oss 
transducer materia1s to "pump-up" the amp1itude of the transmitted 
signa1. U1timate1y, the piezoelectric coup1ing constant of the 
transducer material and the die1ectric breakdown characteristics (2 
vo1ts per micron for a typica1 PZT material) 1imits the maximum 
amplitude. 
Piezoelectric transducers, particu1ar1y those used in generat ing 
and receiving waves in air, remain an area where further improvements 
appear to be possib1e[11]. We are continua11y investigating new 
techniques in this area. Of particular interest are improved materia1s 
for fabricating the acoustic impedance matching 1ayers and different 
1ens designs. 
SUMMARY REMARKS 
Judicious system integration approaches can resu1t in u1trasonic 
through-transmission NDT systems with very significant1y improved 
signa1-to-noise performance. Such systems are required for determining 
the fitness for service of "thick" honeycomb structures that are used by 
the aerospace industry. Proper system design is a1so important in 
making air-coup1ed u1trasonic NDT systems practica1. Such systems may 
eventua11y rep1ace the more-conventional water-coup1ed systems in many 
app1ications. 
In this paper, we have reported that significant1y improved NDT 
system signa1-to-noise performance can be achieved through a combination 
of incremental improvements in the electronic "front end" (.'30-40 dB) and 
se1ecting the most strong1y coup1ed u1trasonic modes (10-12 dB). In 
particular, by inc1ining the u1trasonic beam axes with respect to the 
face sheets, we have shown how to take advantage of the stronger 
coup1ing to the shear waves, which, in turn, coup1e strong1y to f1exura1 
waves in the thin honeycomb-cores. 
By taking advantage of the improved signa1-to-noise performance, we 
have been ab1e to inspect O.lsm thick organic honeycomb structures using 
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"water-squirt" techniques. By employing similar procedures, we have 
also been able to increase the range of applicability of air- and 
dry-coupled ultrasonic inspection systems. 
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